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Cytokeratin15-Positive Basal Epithelial Cells Targeted
in Graft-Versus-Host Disease Express a Constitutive
Antiapoptotic Phenotype
Qian Zhan1, Sabina Signoretti1, Diana Whitaker-Menezes2, Thea M. Friedman3, Robert Korngold3 and
George F. Murphy1
The normal gene expression profile of rete-tip keratinocytes targeted in human graft-versus-host disease
(GVHD) remains unexplored. Murine lingual epithelium, unlike murine skin, consists of a basal layer that
resembles human cutaneous rete ridges and harbors rete tip-associated cells that express cytokeratin 15 (K15), a
marker for epithelial stem cells. Target cell apoptosis in murine GVHD preferentially involves subpopulations of
basal cells that (1) reside at tips of lingual rete ridge-like prominences (RLPs), (2) constitutively express K15
protein, (3) express the proapoptotic protein Bax early in disease progression, and (4) coincide spatially with
putative epithelial stem cells. Here, we show by real-time reverse transcription-PCR that immunohisto-
chemistry-guided laser-captured K15-positive (K15þ ) murine basal cells constitutively express quantitatively
higher mRNA levels for K15 but lower mRNA levels of Bax than do K15 basal cells, consistent with the
presumed stem cell nature of K15þ basal cells. Moreover, apoptosis gene array screening of K15þ
microdissected basal cells demonstrated a dominant trend toward the preferential expression of genes
associated with protection from apoptosis. Accordingly, genes that regulate apoptotic vulnerability are
differentially expressed in basal layer subpopulations distinguishable by K15 expression.
Journal of Investigative Dermatology (2007) 127, 106–115. doi:10.1038/sj.jid.5700583; published online 12 October 2006
INTRODUCTION
Cells in the basal layer of skin and squamous mucosae (e.g.,
tongue) upon vertical division give rise to transit amplifying
cells destined to differentiate and ultimately undergo
apoptosis at or near the epithelial surface. Lavker and Sun
(1982) identified a subpopulation of basal cells at tips of
primate cutaneous rete ridges with characteristics of stem
cells. Although murine skin is devoid of such rete ridges,
dorsal tongue exhibits similar rete-like prominences (RLPs)
that also harbor stem cells (Bickenbach, 1981). Sale et al.
(1985) observed that similar basal cells at rete tips are
preferentially targeted in acute graft-versus-host disease
(GVHD). In aggregate, these observations suggest that basal
cells of both skin and squamous mucosa potentially are
heterogeneous with regard to constitutive replicative poten-
tial, commitment to the differentiation programs, and
differential vulnerability to certain cytotoxic insults.
The concept of squamous epithelial stem cells was
expanded by Cotsarelis et al. (1990) to include primitive
cells that reside in the bulge region of the hair follicle. Lyle
et al. (1998) subsequently demonstrated that these follicular
stem cells express cytokeratin 15 (K15). K15 protein
expression now serves as a helpful marker for immunohisto-
chemical identification of follicular stem cells, and insertion
of transgenes specifically into K15þ cells has also recently
been accomplished (Liu et al., 2003; Morris et al., 2004). We
and others have extended these observations to show that
basal cells at the rete tips of human skin (Whitaker-Menezes
et al., 2003; Webb et al., 2004) and in analogous RLPs of
murine dorsal tongue also express K15 (Whitaker-Menezes
et al., 2003). Whereas K15 is a marker for hair follicle stem
cells, as well as for cells that reside at the tips of human rete
ridges and lingual RLPs, all microanatomical sites implicated
as stem cell niches (Bickenbach, 1981; Lavker and Sun,
1982, Cotsarelis et al., 1990), it has not been rigorously
proven that K15þRLP basal cells are entirely coincident with
stem cells. However, both hair follicle bulge cells and rete-tip
keratinocytes (Sale et al., 1985; Murphy et al., 1991) are
primary targets in GVHD. K15þRLPs have proven to be sites
for homing of allostimulated T cells and for subsequent
apoptotic targeting in experimental murine GVHD
(Whitaker-Menezes et al, 2003; Murphy and Korngold,
2004). Accordingly, intense interest now is focused on further
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characterization of K15þRLP-target cells with the ultimate
translational goal of selectively influencing their vulnerability
to injury during host-directed alloresponses integral to most
clinical stem cell transplants for treatment of leukemia and
certain solid tumors.
In this study, we initially demonstrate qualitatively that in
the earliest targeting phases of experimental murine GVHD,
there is prominent immunoreactivity for the proapoptotic
protein, Bax in K15þ basal cells within RLPs before effector
T-cell infiltration, and the induction of apoptosis. Based on
this observation, we hypothesized that K15þ and K15 basal
layer subpopulations may constitutively express apoptotic
proteins differentially, and that modification of this differ-
ential expression may play a role in the early stages of target
cell injury in GVHD. To begin to address this issue, we
modified a recently described immunohistochemistry-guided
laser capture microdissection (ILCM) technique applied to
pre-immunostained tissue domains (Lindeman et al., 2002).
This approach permitted precise isolation of K15þ and K15
RLP basal cells without altering potentially critical cell–cell
and cell–matrix relationships that per force are ablated in cell
suspensions. We initially addressed two interrelated ques-
tions, namely: (1) do K15þRLP basal cells differ constitutively
from adjacent K15 basal cells with respect to quantitative
expression of the proapoptotic protein, Bax; and (2) does K15
and Bax protein immunoreactivity correlate respectively with
quantitative mRNA expression in these two basal layer
subpopulations? The data indicate that basal cells of murine
tongue are divisible immunohistochemically into two com-
partments, one that resides in RLPs and is K15þBax, and
one that is located between the RLPs and is K15Baxþ .
Moreover, it is now possible to demonstrate correlative
quantitative differences in mRNA expression for K15 and Bax
in these subpopulations by real-time reverse transcription-
PCR (real-time RT-PCR) technology. The use of the ILCM
technique for K15þRLP cells was also applicable to gene
screening technology, where 84 relevant genes could be
simultaneously evaluated, showing a trend toward prepon-
derant constitutive expression of antiapoptotic genes in
K15þRLP cells. Collectively, these findings show that
although K15þRLP cells selectively undergo apoptosis in
GVHD in agreement with a proapoptotic phenotype, con-
stitutively they may be less prone to apoptosis than their K15
neighbors in terms of diminished expression of Bax as well as
enhanced expression of antiapoptotic mediators. Further,
they provide a novel analytical approach whereby K15þ and
K15 basal layer subpopulations may now be comparatively
investigated at functional levels with regard to mechanisms
responsible for their transition to a proapoptotic phenotype in
GVHD.
RESULTS
In situ localization of K15
Dorsal lingual mucosa, as previously described in both
murine tongue and human skin (Whitaker-Menezes et al.,
2003), showed K15 protein expression restricted to discrete
subpopulations of basal cells that formed the RLPs, with weak
to negative staining in those basal cells that resided in the
inter-rete spaces (Figure 1a). Extending previous findings, K15
mRNA expression determined by in situ hybridization was
found to colocalize to the rete-associated basal cell domains
that also expressed K15 immunoreactive protein (Figure 1b),
with little to no detectable K15 mRNA in inter-rete basal cell
subpopulations. Sense controls were consistently negative
(Figure 1c), and specificity of the K15 oligonucleotide probe
used for in situ hybridization was confirmed by Northern blot
analysis (see Supplemental Data).
Comparative localization of K15 and Bax protein in normal
RLP cells
By immunofluorescence microscopy of normal lingual
mucosa, K15þ basal layer cells (Figure 1d) and Baxþ cells
within the basal and suprabasal layers (Figure 1e) formed two
discrete and apparent mutually exclusive subregions. This
was further confirmed by simultaneous dual immunolabeling
for these two epitopes in situ in tissue sections (Figure 1f) as
well as in basal cell layer suspensions (Figure 1g). Because
antiapoptotic Bcl-2 family proteins are known to preferen-
tially distribute to slowly cycling cells and stem cells
(Hockenbery et al., 1991; Polakowska et al., 1994), we also
preliminarily performed immunohistochemistry for Bax and
Bcl-xL (Figure 1h and i), finding the latter to concentrate
within basal cells that formed the tips of individual rete
(Figure 1i), thus representing a pattern reciprocal to that of
Bax protein (Figure 1h).
In situ effects of GVHD on K15þRLP cells
Figure 2 summarizes the effects of experimental GVHD in
K15þRLPs in the B6- BALB.B model where disease is
elicited across minor histocompatibility barriers and as a
result of CD4þ effector T cells. Note that on day 3,
expression of K15 within RLPs appears normal (similar to
panel b) and there is no evidence of infiltration by CD4þ
T cells, whereas by day 7, the K15 expression pattern is
disrupted in association with selective infiltration of RLPs by
CD4þ T cells. Although day 3 animals fail to show evidence
of significant RLP-associated apoptosis by TUNEL staining,
there is prominent Bax expression in the K15þ regions at the
tips of the RLPs, a pattern that is disrupted by day 7, when
RLP-associated apoptosis and T-cell infiltration is prominent
(TUNEL-positive cells are consistently K15þ by double
labeling; data not shown). These findings prompted further
inquiry into patterns of constitutive expression of Bax in
K15þRLPs at both protein and mRNA levels, as well as
development of technical strategies whereby differential
expression of relevant genes could be assessed based on
the presence or absence of K15 immunoreactive protein.
Quantitation of K15 gene expression
Using the ILCM technique, K15þ and K15 subpopulations
were obtained (Figure 3a–c), as well as control subepithelial
skeletal muscle (Figure 3d). Real-time RT-PCR analysis of
control skeletal muscle showed glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) amplification and failed to demons-
trate K15 gene amplification (Figure 3e). In contrast, pooled
microdissected basal layer cells showed amplification of both
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the housekeeping and K15 gene. Comparative analysis of
microdissected subpopulations positive or negative for K15
immunoreactive protein disclosed that K15 gene expression
in the K15þ domains was significantly higher than in the
K15 domains (P¼ 0.0171) (Table 1).
Quantitation of Bax gene transcript expression
To further determine whether BAX gene expression mirrored
protein expression within the basal layer, real-time RT-PCR
was performed (Figure 4). Analysis of microdissected basal
cell subregions negative for K15 immunoreactive protein
disclosed a trend (2.98 ) toward higher BAX gene expres-
sion than in the microdissected basal layer subregions that
stained positively for K15 protein (P¼ 0.0581) (Table 2). This
result confirms heterogeneity for expression of this proapop-
totic marker within the basal layer and suggests that its
expression is negatively associated with K15 expression.
Mouse apoptosis PCR array
The pattern of gene expression in K15þ versus K15 basal
cells is summarized in Figure 5. The array included the tumor
necrosis factor ligands and their receptors, members of the
Bcl-2, caspase, inhibitor of apoptosis, tumor necrosis factor
receptor-associated factors, caspase recruitment domain,
death domain, death effector domain, and CIDE families, as
well as genes involved in the p53, ATM, and antiapoptotic
pathways. Because the ‘‘apoptotic balance’’ within basal
cells is likely to be the product of complex interactions
involving many potentially opposing genes and their pro-
ducts, we initially focused on any trends within the gene
groupings cited above. The dominant trend involved genes
grouped within the antiapoptotic family (28 genes; see
Figure 5). Of these, 64.3% showed higher gene expression
in K15þ versus K15 basal cells (42.9% 1.5–4 greater,
21.4% over 4 greater) by real-time RT-PCR analysis of
a b
h
i
c
d
f
e g
K15
Figure 1. Expression of K15 and apoptotic proteins in normal lingual RLPs. (a) K15 immunostaining of mouse tongue demonstrating staining in the
subpopulation of basal cells restricted to RLPs; (b) in situ hybridization with K15 antisense oligonucleotide probe showing preferential expression of K15
mRNA in basal cells of RLP ((c) negative control using K15 sense probe); (d) single label immunofluorescence for K15 and Bax (e) in normal lingual
epithelium; (f) double label for these two epitopes shows distribution in mutually exclusive basal layer subpopulations, with Bax protein concentrated
in basal cells that separated the K15þRLPs; (g) normal basal layer cell suspensions demonstrate segregated expression of K15 (green) and Bax (red);
(h and i) immunohistochemistry for (h) Bax and (i) Bcl-xL showing prominent expression of the latter in basal cells forming RLPs. (a, b, c, e, f, h, i): bar¼100 mm,
(g) bar¼ 50 mm.
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basal layer subdomains isolated by ILCM. No genes showed
less expression in the antiapoptotic group in K15þ versus
K15 basal cells (one gene), and the remaining 35.7% either
showed essentially no difference in gene expression or
undetectable signal in both subpopulations.
DISCUSSION
In 1996, we learned that the mechanism of target cell injury
in experimental murine GVHD was apoptosis (Gilliam et al.,
1996), a finding soon validated in humans (Langley et al.,
1996). Apoptotic cells were not diffusely distributed in the
basal cell layer, as traditional dogma suggested. Rather, they
proved to be spatially restricted to basal cell layer domains at
tips of human epidermal rete ridges (Sale et al., 1985), RLPs
of murine tongue (Sale et al., 1994a, b; Gilliam et al., 1996;
Whitaker-Menezes et al., 2003), and bulge regions of hair
follicles known to express K15 (Murphy et al., 1991; Sale
et al., 1994a, b). We subsequently determined that epithelial
infiltration by specifically allostimulated Vb T-cell subsets is
restricted to these target domains (Whitaker-Menezes et al.,
2003; Jones et al., 2004). Moreover, epithelial cells within
these domains express cytokeratins and inducible adhesion
molecules that distinguish them from neighboring basal cells
not vulnerable to targeting (Kim et al., 2002b).
Study of K15þ basal cells targeted in GVHD requires cell
isolation and purification. Basal cells may be isolated in cell
suspensions, and cells associated with rete ridges segregated
from their neighbors via sorting techniques based on
differential expression of specific integrins and activation
receptors such as a-6 and CD71 (Kaur et al., 2004). Short of
transgenic approaches (Morris et al., 2004), sorting based on
K15 expression is more problematic owing to the cytoplasmic
localization of cytokeratins. Moreover, K15þ cells may lose
K15 expression during conditions of activation/proliferation
as typify cell isolation and culture (Waseem et al., 1999;
Werner et al., 2000). Additionally, cell suspensions per force
ablate microenvironmental cues potentially required for
maintenance of target cell heterogeneity. The novel applica-
tion of ILCM (Lindeman et al., 2002) to isolate K15þ and
K15 basal cell subpopulations obviates these concerns and
extends previous applications of conventional laser capture
microdissection (LCM) for studying gene expression in
epithelial stem cells (Xu et al., 2003).
Bickenbach (1981) has demonstrated that basal cells in
murine lingual RLPs have characteristics of epithelial stem
cells. Lyle et al. (1998) have shown that expression of the type
I cytoskeletal protein, K15, defines cells with characteristics
of stem cells in the bulge region of the human hair follicle,
and subsequent studies have confirmed this localization in
murine follicles and in basal cells at the tips of lingual RLPs
(Whitaker-Menezes et al., 2003). The potential functional
significance of K15 expression in subpopulations of basal
cells remains unclear, and the level of concordance between
K15þRLP cells and lingual stem cells requires additional
study. However, it has been shown that heterogeneity with
respect to the stem cell niche may exist with regard to
constitutive expression of proteins involved in apoptosis
(Hockenbery et al., 1991; Polakowska et al., 1994). More-
over, the longevity of stem cells implies protection from
apoptosis, and available functional data supports this notion
with regard to resistance of hematopoietic stem cells to Fas-
mediated apoptosis (Kim et al., 2002a). Accordingly, we have
begun to examine the constitutive pattern of key apoptotic
molecules in K15þ and K15 basal layer subpopulations,
with the ultimate goal of defining how these apoptotic
mediators may be selectively modified in experimental
GVHD. Bax, a proapoptotic member of the Bcl-2 protein
family, was selected for evaluation based on preliminary
findings that it is upregulated early in experimental GVHD
within K15þ basal cells destined for apoptotic targeting (see
Figure 1). In the present study, immunhistochemistry dis-
closed Bax to be normally detected in cells that intervene
between K15þRLP cells. Bcl-xL is a Bcl-2-related protein
known to block apoptosis induced by a number of stimuli and
to be a stronger protector against apoptosis than Bcl-2 under
certain circumstances (Cheng et al., 1996). Bcl-xL immuno-
reactivity was found to cells within the tips of RLP, a pattern
that contrasted sharply with a reciprocal pattern of Bax
Day 7Day 3
TUNEL
Bax
CD4
K15
Figure 2. Evidence of selective apoptotic targeting and antecedent Bax
expression in K15þ basal cells in experimental murine GVHD. Note that on
day 3, K15þ basal cells at tips of RLPs express immunoreactive Bax before
infiltration by effector CD4þ T cells or induction of TUNEL-positivity, both
prominent by day 7. Compare expression pattern of Bax protein in K15þ cells
at day 3 with constitutive expression pattern (Figure 1). Bar¼ 100 mm.
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staining pattern within the inter-rete spaces. Studies are
presently underway to further confirm differential expression
of Bcl-xL and a variety of other key proteins in the apoptotic
cascade in RLP basal cells based on K15þ ILCM. It is of
interest, however, that the Bcl-xL pattern is consistent with at
least one finding of the related antagonist, Bcl-2, within
epithelial stem cells (Hockenbery et al., 1991). These findings
are consistent with our hypothesis that K15þRLP-target cells,
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Figure 3. Correlation of K15 protein and K15 gene expression in murine lingual basal layer subpopulations. (a) K15 immunostaining of mouse tongue showing
K15 and K15þ basal cells before LCM; laser-captured (b) K15þ and (c) K15 basal cells, and (d) control tongue muscle cells; (e) real-time RT-PCR plot of K15
and GAPDH of tongue muscle cells (red and green curves represent K15 and GAPDH gene amplification, respectively) disclosing the absence of K15 gene
amplification from the muscle cells; (f) real-time RT-PCR plot of K15 (red) and GAPDH (green) of K15þ and K15 basal cells showing K15 gene amplification
in both populations. Each sample was analyzed using real-time PCR X3. : K15þ cell plot, : K15 cell plot; (g) bar graph summarizing K15 gene expression
in K15þ and K15 cells in four independently analyzed samples. Bar¼100 mm.
Table 1. Real-time RT-PCR analysis of K15 mRNA levels from K15 immunoreactive murine lingual basal cells
Sample Cells K15 assay, Ct7SD GAPDH assay, Ct7SD
K15+/K15 BC K15
mRNA ratio
1 K15+ 29.3870.15 29.5970.11 2.03
K15 30.9070.26 30.0970.10
2 K15+ 29.5270.07 29.2970.05 6.54
K15 35.0570.27 32.1270.17
3 K15+ 28.9970.03 28.8870.10 3.99
K15 32.7570.47 30.6570.17
4 K15+ 31.2370.11 30.8070.10 2.62
K15 32.9870.19 31.1770.12
Mean7SD 3.8071.74
Ct, cycle threshold; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; K15
+, K15 positively immunostained basal cells of RLPs; K15, K15 negatively
immunostained basal cells; RT-PCR, reverse transcription PCR; SD, standard deviation.
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but not K15 intervening cells, are slow-cycling (possibly
stem cells), and thus normally are protected from apoptosis.
They also provide a basis for molecular and genomic eva-
luation of these subpopulations for alterations in apoptosis-
related mediators during early evolutionary stages of
GVHD.
It is of note that using PCR apoptosis arrays to profile
K15þ and K15 subpopulations separated by ILCM, the
dominant trend was for K15þ cells to show higher expression
for antiapoptotic genes. Whereas PCR arrays coupled with
ILCM provides a powerful screening method for profiling
gene expression between cell populations separable by
production of an immunoreactive protein (in this case,
K15), statistically significant validation of relative expression
of individual candidate genes so identified requires applica-
tion of quantitative real-time RT-PCR, as was demonstrated
for K15 and Bax. The observed gene profile in favor of
constitutive antiapoptotic gene expression in K15þ cells is in
keeping with other studies examining apoptotic profiles of
putative epithelial stem cells. For example, Tiberio et al.
(2002) investigated whether stem cell-enriched subpopula-
tions of keratinocytes (those expressing b1 and a6b4
integrins) are protected from cell death, finding that Bax
and Bad proteins were more expressed in non-stem cells,
whereas Bcl-2, Bcl-x, and Mcl-1 proteins were significantly
more expressed in stem cells. More recently, Bcl-2, but not
Bax or proliferation markers, has been localized to the stem
cell niche of the human hair follicle (Gho et al., 2004).
Extensive genomic analysis of adult murine hair follicle stem
cells has been undertaken for a wide variety of genes
involved in cell adhesion, calcium-related signaling, trans-
cription factors, and growth factors and their receptors, as
well as structural genes and channel-related genes (Morris
et al., 2004). Although these approaches did not specifically
profile genes fundamental to pathways of apoptosis, they
further support the growing dichotomy of gene expression
that separates epithelial stem cells from non-stem epithelial
cells in skin.
The pathogenesis of GVHD is complex, and involves
progressive soluble and cellular evolutionary phases (Wagner
and Murphy, 2005). Target cell injury may be initiated early
in this sequence, before effector T-cell infiltration and during
phases characterized by markedly elevated levels of soluble
apoptosis effectors, such as tumor necrosis factor-a (Korngold
et al., 2003; Schmaltz et al., 2003). Indeed, early alterations
in target cells may involve a transition from the normal
antiapoptotic profile of K15þRLPs to one favoring apoptotic
injury. The ability now to comparatively evaluate the in situ
molecular profile of differentially vulnerable basal cells based
on K15 immunoreactivity should pave the way to a better
understanding of the underpinnings of the normal and
pathological phenotype of GVHD targets.
MATERIALS AND METHODS
Animals and tissue samples
Protocols were approved by Harvard Medical Area Standing
Committee on Animals of Harvard Medical School. Female or male
BALB/c mice (Charles River Laboratories, Wilmington, MA) were 10
weeks old. Animals were killed by CO2 and the tongue tissue was
immediately frozen in optical coherence tomography. The tongue
frozen sections (8mm) were cut and applied to superfrost/plus glass
slides (Fisher Scientific, Pittsburgh, PA). Mouse ear skin was used to
extract total RNA. For experimental GVHD, C57BL/6By (B6) and
C.B10-H2b/LiMcdJ (BALB.B) strains, both of H2b haplotype, were
employed (Jackson Laboratory, Bar Harbor, ME). Sex-matched mice
between the ages of 7 and 14 weeks were used as donors and
recipients. Mice were maintained in a pathogen-free environment in
autoclaved microisolator cages and were provided with acidified
(pH 2.5) water and autoclaved food ad libitum.
Induction of experimental GVHD
Recipient BALB.B mice received a lethal dose of whole-body
irradiation (8.5 Gy) from a Gammacell 137Ce source (Atomic Energy
of Canada, Kanata, ON, Canada) as a dose rate of 1.16 Gy/min.
Donor cells were prepared from pooled spleen and lymph node cell
suspensions from naive B6 mice presensitized and then boosted with
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Figure 4. Bax gene expression in murine lingual basal cells. (a) Real-time
RT-PCR plot of Bax (violet) and GAPDH (green) of K15þ and K15 basal
cells. Each sample was analyzed using real-time PCR X3. : K15þ cell plot,
: K15 cell plot; (b) bar graph summarizing Bax gene expression in K15þ
and K15 cells in four independently analyzed samples.
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BALB.B spleen cells (1.5 107 cells, intraperitoneal injections, 2.5
weeks apart) (Jones et al. 2004). The cells were initially resuspended
in Gey’s balanced salt solution containing 0.7% NH4Cl to remove
red blood cells and filtered through a cell strainer to remove dead
cells. B cells were removed by panning the cell suspension over goat
anti-mouse IgG-coated plastic Petri dishes for 1 hour at 41C. The
non-adherent (T-cell enriched) cells were harvested; the population
was 85–90% CD3þ , as determined by flow cytometry. CD8þ T cells
were depleted by incubation with anti-CD8 MoAb (3.168 MoAb, rat
IgM; 1:100 dilution of ascites fluid) and guinea pig complement
(1:30 dilution) in 6 ml of phosphate-buffered saline (PBS) plus 0.1%
BSA at 371C for 50 minutes. This population was .95% CD4þ . Anti-
T-cell depleted bone marrow (ATBM) was prepared by flushing cells
from the femurs and tibias of B6 donor mice with PBS plus 0.1%
BSA, followed by incubation with anti-Thy1.2 MoAb (Jlj MoAB, rat
IgM; 1:100 dilution) and guinea pig complement (1:30 dilution) for
50 minutes. B6 CD4þ T cells, as well as ATBM control innocula
(7 106), were injected intravenously into irradiated BALB.B
recipients, and animals monitored for signs of disease (weight loss,
diarrhea, ruffled fur); animals (three per group) were killed at days 3
and 7, the latter time point known to correlate with the earliest phase
of effector T-cell infiltration for this strain combination and
experimental conditions.
Antibodies and single-probe detection
The following primary antibodies were used: mouse monoclonal
anti-keratin 15 (K15) antibody (Ab) (Lab Vision, Fremont, CA) both in
an untreated purified form and after biotinylation using a BiotinTag
Micro Biotinylation Kit (Sigma, St Louis, MO); rabbit anti-Bax NT
polyclonal Ab (Upstate, Lake Placid, NY); mouse monoclonal anti-
Bcl-2 (C-2) and mouse monoclonal anti-Bcl-xL (S-18) (Santa Cruz
Biotechnology Inc., Santa Cruz, CA); mouse IgG1 control Ab (Dako,
Carpinteria, CA); and rabbit polyclonal control Ab (Biogenex, San
Ramon, CA). Biotin-conjugated anti-murine CD3 MoAb
was purchased from PharMingen (San Diego, CA). Immunohisto-
chemistry was performed using a standard three-step avidin–biotin–-
horseradish peroxidase method as described previously (Whitaker-
Menezes et al., 2003). Briefly, frozen tissue sections were fixed with
4% paraformaldehyde in PBS for 10 minutes, washed 3 5 minutes
with PBS, permeabilized with 0.1% Triton X-100 in PBS for
10 minutes, and washed before incubation with primary Ab for
1 hour at room temperature. After washing with PBS, either biotiny-
lated-goat anti-rabbit or -horse anti-mouse secondary antibodies
(Vector Labs, Burlingame, CA) were used for 30 minutes at room
temperature followed by an avidin–biotin–horseradish peroxidase
Table 2. Real-time RT-PCR analysis of Bax mRNA levels from K15 immunoreactive murine lingual basal cells
Sample Cells Bax assay, Ct7SD GAPDH assay, Ct7SD K15
/K15+ BC Bax mRNA ratio
1 K15+ 31.1970.01 26.6670.14 1.51
K15 31.4670.05 27.6770.01
2 K15+ 32.9070.11 29.3070.02 6.25
K15 35.5070.37 34.5670.08
3 K15+ 33.7570.21 30.4670.04 2.17
K15 34.3470.33 32.1570.06
4 K15+ 35.8570.23 32.5470.04 2.0
K15 34.2570.04 31.9470.08
Mean7SD 2.9872.19
Ct, cycle threshold; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; K15
+, K15 positively immunostained basal cells of RLPs; K15, K15 negatively
immunostained basal cells; RT-PCR, reverse transcription PCR; SD, standard deviation.
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Figure 5. Gene profiling of K15þ and K15 cells isolated by
ILCM and analyzed by real-time RT-PCR. Grid represents array of
84 apoptosis-related genes; green font¼ gene expression higher in
K15þ than K15 cells (bold italic, 44 , non-bold 1.5–4 ); red font¼ gene
expression lower in K15þ than K15 cells (bold italic, o 4 , non-bold
1.5–4 ); black font¼ undetectable in both populations, or o1.5
difference in expression (bold). Antiapoptosis group genes are
encircled. Below is graphic representation differences in expression
between K15þ and k15 cells for seven antiapoptotic genes showing
44 higher expression in the former cell type.
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complex for 30 minutes. Immunoreactivity was detected using
NovaRed substrate (Vector).
Detection of apoptosis by the TUNEL technique was performed
using the Apotag peroxidase method (Serologicals, Norcross, GA).
Briefly, 5mm cryostat sections were first fixed in cold 4%
paraformaldehyde, followed by treatment with ethanom/acetic acid
solution. Sections were then equilibrated and reacted with either
TdT in reaction buffer containing digoxigenin-labeled uridine
triphosphate or buffer alone, followed by peroxidase-labeled anti-
digoxigenin Ab. Labeled double-stranded DNA breaks were then
detected with either 3,30-diaminobenzidine tetrahydrochloride or
vasoactive intestinal polypeptide chromagens, followed by counter-
stain with methyl green (BioGenex, San Ramon, CA).
K15þBax double immunofluorescence
Basal layer cytospin preparations or tissue sections were fixed with
4% paraformaldehyde in PBS for 10 minutes, washed 3 5 minutes
with PBS, permeabilized with 0.1% Triton X-100 in PBS for
10 minutes, washed and incubated simultaneously with rabbit anti-
Bax NT polyclonal Ab and biotinylated mouse monoclonal K15 or
control antibodies for 1 hour at room temperature. Secondary
antibodies were donkey anti-rabbit Texas Red conjugate (Accurate
Scientific, Westbury, NY) and strepavidin FITC-conjugated Ab
(Vector). Immunofluorescence reactivity was viewed on a Nikon
Microphot photomicroscope coupled to an Optronics digital camera
system.
Isolation of murine lingual basal epithelial cells
Tongue tissue was collected from killed mice and placed in DMEM
1:1 mixture with Ham’s F12 (DMEM/F12; Life Technologies, Grand
Island, NY) containing 100 IU penicillin/100 mg streptomycin/ml
(P/S; Mediatech, Herndon, VA). Thin strips of tongue tissue were
prepared and placed at 41C in DMEM/F12 containing 2 mg/ml
dispase (Life Technologies). After overnight incubation, epithelial
sheets were collected by separating the epithelium from the
underlying connective tissue with the aid of a dissecting microscope
and fine forceps. Epithelial sheets were then incubated in 0.25%
tryspin/0.1% EDTA (Mediatech) and agitated for 5 minutes at room
temperature followed by an additional 5 minutes of pipetting to
separate individual cells. Trypsinization was stopped by the addition
of DMEM/F12 with 10% fetal bovine serum (Mediatech) and the
cells were pelleted by centrifugation and washed with PBS. For
cytospin preparation 1% fetal bovine serum was added to the cell
suspension and slides were prepared using a Shandon Cyto-
centrifuge and stored at 801C until use.
LCM and RNA isolation
PBS and water were treated with 0.1% diethylpyrocarbonate (Sigma)
and autoclaved. Mouse monoclonal anti-K15 Ab was diluted 1:50 in
PBS. Peroxidase-conjugated anti-mouse IgG (Vector) was diluted
1:200 in PBS. RNaseOUT (Invitrogen, Carlsbad, CA) was added to
the K15 Ab and anti-mouse IgG Ab to a final concentration of
0.8 U/ml. Immunostaining of tongue frozen sections was performed
as follows: sections were fixed in 201C acetone for 5 minutes, air
dried, incubated with K15 Ab at room temperature for 10 minutes,
briefly washed in PBS solution, incubated in secondary Ab for
5 minutes, briefly washed in PBS solution, reacted for 1.5 minutes in
NovaRED substrate (Vector), and briefly washed in water. Sections
were then dehydrated through application of 95–100% ethanol
(30 seconds each), xylene (5 minutes), and then air dried for
5 minutes. The sections were immediately used for LCM.
LCM was performed with a PixCell II (Arcturus, Mountain View,
CA). K15þ rete ridge basal cells, K15 basal cells, and tongue
muscle cells were separately collected. Approximately 50 cells of
each type were collected. The collected cells were immediately
placed into RNA extraction buffer (PicoPure RNA isolation kit)
(Arcturus) and the total RNA from each type of cells was isolated
using the PicoPure RNA isolation kit. Forty microliters of 0.34 U/ml
DNase I (Qiagen, Valencia, CA) was used on each column to
remove genomic DNA from each RNA sample. The total RNA was
finally eluted in 11 ml elution buffer. The RNA was used for real-time
PCR of K15 and BAX. Total RNA was isolated from mouse ear skin
using RNeasy fibrous tissue mini kit (Qiagen). The RNA was used for
Northern blot analysis and preparation of real-time PCR standard
curves of K15, BAX, and GAPDH.
Real-time RT-PCR
Ten microliters of total RNA from each LCM sample was reverse
transcribed into cDNA in a final reaction mix of 25 ml using
SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen).
Eight microliters total mouse skin RNA in 21 ml of reaction mix was
reverse transcribed to cDNA. All reagents for real-time RT-PCR were
from Applied Biosystems (Foster City, CA). The product nos. of
mouse K15, BAX, and GAPDH assays were Mm00492972-m1,
Mm00432050-m1, and 4352339E, respectively. The K15 and BAX
probes span the intron splice site, which only detect cDNA. Real-
time quantitative PCR was performed on a 7300 Real-Time PCR
System (Applied Biosystems) in a 25-ml reaction mix containing 1ml
cDNA, 1 TaqMan Universal PCR Master Mix, and 1 K15 or
BAX or GAPDH assay. Thermocycling was carried out at 501C for
2 minutes, 951C for 10 minutes, followed by 40 cycles at 951C for
15 seconds, and 601C for 1 minute. All samples were run in
triplicate. Serial dilutions were prepared from mouse skin cDNA as
follows 1:1, 1:10, 1:100, 1:1,000, 1:10,000, and used for preparing
real-time PCR standard curves of mouse BAX, K15, and GAPDH.
The relative amounts of K15 and Bax transcripts were analyzed using
the 2DDCT method (Livak and Schmittgen, 2001). K15 expression
was compared in K15þ and K15 cell populations using a one-
sample t-test on the log of the K15þ /K15 basal cell K15 mRNA
ratio; a two-sided P-value was calculated, and Po0.05 was
considered significant. The same statistical test was utilized to
compare Bax expression in the two cell populations.
Mouse apoptosis PCR array
Total RNA samples were from normal K15þ and K15 murine
lingual basal cells. At least 250 cells of each type cell were collected
by LCM. The cDNAs were reverse transcribed from those RNA using
SuperScript III First-Strand Synthesis System (Invitrogen). Comparison
of the relative expression of 84 apoptosis-related genes between the
samples was made with PCR Array (text): the cDNAs from those
samples were characterized using mouse apoptosis PCR array
(Cat. no. APM-012A, SuperArray Bioscience, Frederick, MD) and
the RT2 SYBR Green/Rox PCR master mix (Cat. no. PA-012,
SuperArray Bioscience) on a 7300 Real-Time PCR System (Applied
Biosystems). GAPDH housekeeping gene was used for normalization
and data were analyzed with DDCt method.
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Oligonucleotide probes
The sequence for the mouse K15 oligonucleotide probe was selected
from published complete mouse K15 mRNA sequence (GI. no.
34784397) in Genbank database. The sequence specificity for K15
was checked with the BLAST program of the Genbank database
(Altschul et al., 1990). The unique sequence for K15, which is sense
strand 50-GGAGGGAGTCTCTATGGGGGAGGTGGAAGCCGAAG
TATCTCTGCT-30 encodes K15 amino acids 31–45. This sequence
and its complementary sequence 50-AGCAGAGATACTTCGGCTTC
CACCTCCCCCATAGAGACTCCCTCC-30 were used to synthesize
the oligonucleotide sense probe (K15mS) and antisense probe
(K15mAS) by Qiagen Operon (Alameda, CA). The specificity of
the oligonucleotide probes was further tested with Northern
blot analysis. The probes were labeled with digoxigenin at 30-end
using digoxigenin oligonucleotide tailing kit (Roche, Mannheim,
Germany).
In Situ hybridization
The mouse tongue frozen sections were fixed with 4% paraform-
aldehyde/PBS for 20 minutes, PBS wash, then treated with 1 mg/ml
proteinase K for 20 minutes at 371C, 0.2% glycine/PBS for 5 minutes
to inactivate proteinase K, PBS rinse, fixed with 4% paraformalde-
hyde/PBS for 15 minutes, PBS washed, then rinsed in 0.25% acetic
anhydride/0.1 M triethanolamine for 10 minutes. After wash with
2 standard sodium citrate (SSC), the sections were incubated with
20 pmol/ml K15mS and K15mAS probes separately in hybridization
buffer (0.3 M NaCl, 10 mM Tris.HCl pH 7.6, 5 mM EDTA,
1Denhart’s, 50% formamide, 100 mg/ml tRNA, and 10% dectran
sulphate) at 371C overnight. The sections were washed with 2 SSC
for 30 minutes at room temperature, 1 SSC for 30 minutes,
0.5 SSC at 371C for 30 minutes, 0.5 SSC for 30 minutes at room
temperature. The hybridization was detected with anti-digoxigenin
Ab coupled to peroxidase (Roche), color was developed in NovaRED
substrate (Vector), counterstained with hematoxylin Gill’s No.1
(Fisher Scientific).
Northern blot analysis
See Supplementary Material.
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